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ABSTRACT 
The pollutants emitted from jet engine test stands are carbon par-
ticles, unburned hydrocarbons, carbon monoxide, and the oxides of nitro-
gen. This work is a study of various ways of removing these pollutants 
from the test stand exhaust. The methods investigated include absorp-
tion, adsorption, electrostatic precipitation, filtration, catalytic 
reduction and oxidation, and thermal oxidation. 
For abatement of nitrogen oxides, none of the present methods is 
considered to provide adequate technical reliability to proceed with 
an installation at this time. Each of the methods for removal of nitro-
gen oxides has high capital and operating cost; and, in many cases, 
secondary pollution problems are created. It is recommended that action 
on NO emissions be deferred until the technology is further advanced. 
X 
Of the methods, or combinations of methods, available for removal 
of particulates, hydrocarbons, and carbon monoxide, only the thermal 
reactor will remove all three pollutants. The thermal reactor also 
has the lowest capital cost of all the other alternatives and has a 
comparable operating cost. Furthermore, the thermal reactor does not 
create secondary pollution problems and could be readily integrated 
with the noise suppressor design. 
The primary disadvantage with the thermal reactor is the high 
fuel requirement to heat the exhaust gases to temperatures where 
thermal oxidation can occur. An additional 3 to 7 million gallons 
of fuel per year would be required for this purpose. The expenditure 
iii 
of this amount of energy in solving a minor pollution problem is 
deemed unjustifiable. Since the other methods of control has ex-
cessive capital costs and the same or higher operating costs, no 
action is recommended at this time on reducing emissions from the 
jet engine test stands. 
iv 
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I. INTRODUCTION 
In order to test the reliability of maintenance performed on the 
engine of a jet aircraft before flight, the plane is restrained on the 
ground while the engine power is varied from idle to maximum. The im-
mediate dangers of such a ground level run-up of a jet engine are two-
fold. First, the hot jet exhaust presents the possibility of very 
severe burns to personnel, nearby structures and vegetation. Second, 
the acoustical energy generated by the engine's compressor and the 
high speed exhaust can severely damage the auditory system of workers. 
The instrumentation used to evaluate engine performance may also be 
damaged. Because of these two problems, the maintenance installation 
includes a device, called a test stand, designed to cool the exhaust 
stream, decrease the noise to a safe level and change the direction 
of the exhaust stream so that it is vented vertically to the atmos-
phere through a short stack. 
The test stand designed for use with the McDonnell Douglas F-15 
consists of a "clamshell" device which fits closely around the tail 
of the plane so that all exhaust gases are forced through the device, 
a ring of spray nozzles through which water is injected to cool the 
exhaust, a noise suppression device which slows the gas and absorbs 
much of the acoustic energy, and a short stack through which the gases 
are discharged to the atmosphere [1]. A view of a test stand is pre-
sented in Figure 1. Test facilities like the one described above are 
used at a number of Air Force maintenance installations at major air-
bases. 
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Figure 1. F-15 Noise Suppressor Unit 
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In recent years, air quality standards have become more stringent 
and while no regulations have been stipulated for aircraft emissions 
in general, the jet engine test stand constitutes a stati onary point 
source in the same sense as a powerplant or incinerator stack. The 
test stand emissions are a nuisance in the vicinity of a test facility. 
The plume which rises from the test stand cools and the moisture con-
denses together with unburned jet fuel. The unburned hydrocarbons de-
posit on parked aircraft, buildings and civilian property nearby, nec-
essitating frequent cleaning [2]. 
A. Definition of Pollutants 
The exhaust from the jet engine test stand contains various pol-
luting materials such as unburned hydrocarbons, carbon monoxide and 
nitrogen oxides. The concentration of these pollutants are of the 
same order of magnitude as those from an automobile engine. The quan-
tity of pollutants from the jet engine test stand exhaust is given in 
Table I. 
Particulate matter in the jet engine exhaust consists of carbon 
particles and unburned fuel resulting from incomplete combustion [3,4]. 
The size of the particles is in the range of 0.07 to 0.16 micron and 
has a distribution as defined in Figure 2 [4]. 
At higher engine power settings, where the exhaust temperature 
exceeds 800° F, the hydrocarbons would be expected to be present as 
vapor. However, samples collected in the cooled exhaust stream of a 
test stand indicate that the particulates form a sticky mass [3,4]. 
Thus, it is possible that some condensation of hydrocarbons might 
4 
TABLE I 
EMISSIONS FROM F-15 ENGINE AT VARIOUS POWER SETTINGS 
Engine (\) z. Pounds of Pollutant/1000 lb. Fuel Oxygen in Fuel 
Power Particu- C H co NO (!/2 exhaust Consumption Setting late n m X (I) 1 b/sec 1 b/ hr 
Idle 25.8 31.8 43.6 2.9 . II 15.2 1 '179 
Intermediate 22 .3 0.2 1.7 18.4 p::-.,_5 , v 40.3 9,722 
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Figure 2. Particle Size Distribution 
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occur and present fouling problems. Carbon monoxide gas is present 
as the result of incomplete combustion. 
Nitrogen oxides present in the combustion exhaust consist of 
nitric oxide, NO, and nitrogen dioxide, N02. In previous studies by 
Rolke, et al. [5], Heywood, et al. [6] and Dix and Bastress [7], 80 
percent of nitrogen oxides were found to be NO. Therefore, while the 
percentage of the nitrogen oxides was not defined in Table I, it was 
assumed that the composition is 80 percent NO and the remainder N02. 
B. Objective and Scope 
The purpose of this study was to examine methods for treating 
the exhaust gases of an F-15 engine test stand. Techniques which are 
being used at military installations for other aircraft, and commer-
cial equipment used to treat industrial pollutants were to be consid-
ered for this application. Also, new concepts in pollutant removal 
which are not in wide use but are technologically sound and appear to 
have potential in this application were to be analyzed. 
For each method of pollutant removal studied, the specific objec-
tives were: 
1. Evaluation of the capital cost including installation. The 
basis for this cost was a conceptual design of each abatement system. 
A detailed design was not performed and no consideration was given to 
the solution of associated water or solids pollution problems in the 
cost estimates. This study was primarily seeking a method of pollu-
tion abatement that would cost less than $200,000. 
2. Estimation of the annual operating cost. This cost included 
allowances for power, water, raw materials and operating labor. 
7 
3. Evaluation of the technical reliability of each pollution 
control method. This was based on matching the limitations of each 
abatement device with the characteristics of this application. 
4. Any modification of the test stand design required by the 
pollution control equipment was ascertained. 
The choice of a method of pollution abatement was based on the 
above four considerations. 
A preliminary evaluation of the ground level pollution potential 
of the exhaust from the jet engine test stand indicated that removal 
of 80 percent of each pollutant would be necessary in order to meet 
the existing or expected regulations [1]. While certain of the remov-
al methods will achieve higher removal efficiencies, where possible, 
the design was based on a removal of 80 percent of each pollutant. 
C. Design Conditions 
This problem is one of removing particulate and gaseous pollu-
tants from a high volume, variable flow of hot exhaust gases. The 
data on engine exhaust in Table I indicate that the total mass flow 
rate varies by a factor of 3 from idle to maximum afterburning. These 
flow rate variations require that the pollution control device be 
flexible in the volume of exhaust stream it can treat efficiently. 
The high temperatures involved may require special materials of con-
struction. Because of the range of pollutants which were to be treated, 
it was necessary to consider not only a single device to remove all 
pollutants simultaneously, but also combinations of methods, each de-
signed to treat a part of the problem. 
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Because of the nature of the jet engine, limitations of existing 
facilities and safety regulations on airbases, some constraints were 
placed on the design of the pollution control device and test stand. 
A jet engine is basically two sets of turbine blades mounted on the 
same shaft with a combustion chamber between. When the engine is in 
operation, air is drawn in and compressed by the first set of blades. 
Fuel is injected and ignited. The combustion gas flows through the 
second set of turbine blades at high speed providing the thrust for 
the plane and also powering the compressor blades at the front of the 
engine. Because of its design, the engine does not operate well when 
the combustion products are exhausted against a pressure much greater 
than ambient. Since there will be some pressure loss in the test 
stand and noise suppressor, the pressure loss in the pollution control 
device was limited to 0.5 psig. 
For safety reasons, buildings and other airfield installations 
are limited in height, presumably on the basis of proximity to runways. 
In similar studies the height of pollution control devices for test 
stand applications was limited to 25 feet [3,4]. Therefore, 25 feet 
was considered the practical limit in this study. 
Constraints imposed by the test stand design further restrict the 
design of a pollution control device. The maximum temperature allowed 
in the noise suppressor unit for reasons of materials of construction 
is 600° F. Thus any pollution control device placed before the noise 
suppressor must have provision for cooling the exhaust gases to 600° F 
and any abatement device placed downstream of the noise suppressor will 
9 
receive exhaust gases at approximately 600° F. Existing plans for 
test stand design call for a maximum of 800 gpm water available for 
injection into the exhaust stream for cooling purposes. 
In determining the volume of gas to be treated, flow rate, tem-
perature and pressure of the exhaust were defined as in Table II. To 
achieve a 600° F temperature in the noise suppressor with 800 gpm of 
cooling water at maximum afterburning requires the addition of about 
500,000 cfm of air. The maximum exhaust gas stream, including water 
vapor, would therefore be about 1 million cfm at atmospheric pressure. 
For pollution control equipment following the noise suppressor, a 
volume of 1 million cfm must be treated. For abatement devices ahead 
of the noise suppressor, the volume of gas to be treated is the maxi-
mum engine exhaust plus any additional air or water injected. 
Annual operating time for the test stand is presented in Table II 
for each engine power setting. These data were used in estimating 
the operating and maintenance cost of the pollution control equipment. 
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TABLE II 
F-15 EXHAUST GAS CONDITIONS 
Engine Total Temperature Static Annual 
Power Mass Flow OR Pressure Operati ng 
Setting 1 b/sec psi a Time Hou rs 
Idle 71.8 856.7 14.9 209 
Intermediate 226 1379.6 17.8 1131 
Maximum 
Afterburning 237.2 3545 17.8 335 
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II. REVIEW OF AIR POLLUTION ABATEMENT METHODS 
The problem of air pollution has received a great deal of atten-
tion in recent years. Many abatement methods have been developed and 
are available for application to the jet engine test stand problem. 
These methods will be briefly discussed according to the type of pol-
lutant they remove. 
A. Particulate Removal Methods 
A large class of rather unsophisticated particulate removal de-
vices includes equipment such as cyclones and wet scrubbers. Because 
they are ineffective in the removal of submicron particles, members 
of this class are not included in this study. The same conclusions 
have been drawn in similar studies of pollution from jet engine test 
stands [3,4]. 
Of the equipment available, the electrostatic precipitator, bag 
filter and venturi scrubber have been proven effective in the removal 
of submicron particles. These devices are accepted as reliable treat-
ment devices for collection equipment for submicron particulates. The 
crossflow packed scrubber represents a relatively new concept in scrub-
ber design and will be considered in this study. It has been tested 
in pilot plant operations, but data from full size operational cross-
flow scrubbers are limited. Because this problem is concerned with 
the removal of particulates which are primarily carbon and hydrocar-
bons, it is also appropriate to consider methods whereby the particles 
will be consumed in a chemical reaction whose products are harmless 
and may be exhausted to the atmosphere without further treatment. 
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Hence, this study will also investigate the use of thermal oxidation 
and limitations on the use of catalytic treatment. 
1. Electrostatic Precipitator 
Electrostatic precipitators function by establishing a high vol-
tage potential perpendicular to the flowing gas stream. Particles 
entering the potential field become charged and migrate to the elec-
trode carrying the opposite charge. 
Getter and Teller [3] investigated electrostatic precipitation 
as a treatment method for particulates from Naval aircraft test cells. 
They concluded that the oily nature of the particles represented a 
potential source of fouling which would result in frequent maintenance 
and an explosion hazard in the event of electrode arcing. 
Robson, et al. [4] noted that vibration from the constrained 
engine caused mechanical stresses which could weaken the electrodes 
or other internals. Vibration might also cause re-entrainment of col-
lected particles. It was also noted that ground space required for a 
precipitator would be on the order of 16,000 ft2 near the test stand. 
Oglesby [8] states that gas velocities through industrial precip-
itators are on the order of 1 to 10 feet per second. Herrick [9] has 
investigated various industrial precipitators available commercially. 
He reports that the upper operating temperature is about 900 to 1000°F. 
2. Bag Filter 
Bag filters separate particles from the gas stream by passing the 
gas through a sock-shaped fabric filter. The gas enters at the top 
of the bag and is forced through the fabric before exitting the device. 
Periodically the device is ~topped and the bags are shaken to remove 
the particles. 
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Getter and Teller [3] found particulate fouling a real possibil-
ity with high maintenance costs and unacceptable pressure losses like-
ly. Robson, et al. [4] noted that a bag filter installation would re-
quire ground space of about 12,000 ft2. Walling [10] presents a gen-
eral description of filter design and bag fabrics. He asserts the 
maximum gas temperature for filter bags is 500°F. 
3. Venturi Scrubber 
Venturi scrubbers function by atomizing liquid at zero velocity 
relative to a high speed gas stream. Particulate removal is accomp-
lished by impaction and entrapment by the liquid stream. 
Calvert, et al. [11] indicate that venturi scrubbers are not ef-
ficient at less than 10 percent of the design flow rate and that pres-
sure losses increase exponentially beyond this flow rate. Thus a ven-
turi installation would require a number of scrubbers in parallel and 
a system to shunt the gas flow so that more units would operate as the 
gas flow increases. 
4. Crossflow Packed Scrubber 
This scrubber system consists of a packed section in which the 
gas stream flowing horizontally is contacted with a liquid stream 
flowing vertically from above. 
Getter and Teller [3] concluded that such a device when preceeded 
by an exhaust gas conditioning section afforded the best chance of 
successful particulate control. The preconditioning in this case was 
injection of water beyond that required for cooling the exhaust gases 
resulting in growth of the particulates by nucleation and agglomeration. 
Sheppard [12] studied crossflow packed scrubbers without a pre-
treatment technique. He found that collection efficiency for submicron 
particles was on the order of only 20 percent. 
5. Thermal Oxidation 
14 
Thermal reactors function as pollution control devices by heat-
ing the gas stream to a temperature where carbonaceous material is 
completely oxidized to co2 and H20 by the reaction: 
( 1 ) 
Rolke, et al. [5] have studied thermal oxidation techniques for 
relatively small scale industrial applications and found them especi-
ally useful in odor control. They have identified a number of con-
figurations and commercial suppliers of thermal reactor systems. 
Demetri and Brassert [13] consider the thermal reactor a possible 
solution to the particulate problem created by Navy jet engine test 
cells. 
Lee, et al. [14] studied the combustion of submicron soot parti-
cles experimentally and found the surface reaction rate to be a func-
tion of temperature and oxygen partial pressure. They correlated the 
data with a semi-empirical equation: 
4 q = 1.os5 x 10 P02 exp(-39300/RT) (2) 
Tl/2 
where: q = surface reaction rate (g/cm2sec) 
Po = partial pressure 02 (atm) 
2 
T = Temperature (°K) 
R = (al gas constant g-mole o K) 
Fenimore and Jones [15] investigated the oxidation of soot by 
hydroxyl radicals which proceeds according to the reaction: 
15 
(3) 
They found that in flames at temperatures above 2500°K the reaction 
is complete in less than 2 milliseconds. 
6. Catalytic Treatment 
Catalytic treatment methods generally utilize a noble metal to 
enhance the rate of the oxidation reaction which converts carbon to 
C02. As a result of the increased reaction rate, reactor size or re-
action temperature may be decreased. 
Rolke, et al. [5] found that catalyst surfaces become fouled by 
a buildup of particulates which greatly decreases their ability to 
promote the oxidation reaction. Therefore, the use of catalytic 
schemes is limited to gas streams with gaseous pollutants. 
B. Carbon Monoxide and Hydrocarbons Abatement Methods 
Removal of a specified component from a gas stream is a basic 
problem in the chemical process industries. The component may be ab-
sorbed by a liquid phase contacting the gas stream in an absorption 
tower. It is also possible to accomplish removal by contacting the 
gas with a solid in an adsorber. 
While absorption and adsorption are the most common industrial 
methods for removing a component from a gas stream, a good deal of 
attention has been given to other methods of pollutant removal. In 
particular, the automobile industry has essentially the same problem, 
removal of hydrocarbons and carbon monoxide, in meeting federal auto-
mobile emission standards. The emphasis in the automobile industry 
has been placed on thermal oxidation. Both catalytic and non-cataly-
tic converters have been tested. 
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Absorption, adsorption, thermal oxidation and catalytic oxidation 
are the possible methods wh5ch will be considered for removal of car-
bon monoxide and hydrocarbon emissions from jet engine test stands. 
l. Ab.sorption 
Many industrial processes rely on absorption as a method of re-
moving a valuable component from a gas stream. Absorption of hydro-
carbons is usually accomplished with a suitable solvent at low temper-
atures. Sherwood and Pigford [16] note that light oils are typically 
used as solvents in industrial hydrocarbon absorption equipment. 
Foust, et al. [17] describe the techniques for sizing absorption equip-
ment. 
Perry, et al. [18] present equilibrium data for CO and water. 
Solubility data indicates hydrocarbons related to kerosene, an alipha-
tic chain with 10 to 18 carbon atoms, are not soluble in water. 
2. Adsorption 
While adsorption is widely applied to water pollution problems, 
especially where toxic organics are present, its use in air pollution 
is somewhat limited. Stern [19] reports the use of activated carbon, 
silica gel, and molecular sieves as adsorption media for odorous pol-
lutants. 
Mehta and Calvert [20] have studied gas scrubbing by suspensions 
of activated carbon adsorbent particles. They have concluded that 
the controlling factor for the transfer rate of a component is the 
solubility of that component in water. 
While certain specific hydrocarbons have been adsorbed, no data 
were available from the literature on the adsorption of CO. 
17 
3. Catalytic Oxidation 
The automobile industry has recently conducted extensive research 
aimed at developing a catalyst to promote the oxidation of CO and hy-
dorcarbons. Tests of a number of catalyst materials of different 
structural designs have been conducted. The majority of experimental 
work on catalysis of gas-phase reactions has confirmed that noble 
metals, and metals and oxides of the first series transition elements 
enhance the oxidation rate of CO and hydrocarbons. Most of the cat-
alysts in industrial applications are noble metal type. Commercially 
available catalysts are wire mesh or ceramic supported and mounted in 
a frame to form a module. 
While noble metals are good catalysts, they are not particularly 
strong and are very expensive. To increase their strength and dura-
bility and decrease cost, noble metal catalysts are frequently bonded 
to a metal or ceramic support. Vibrations can loosen the catalyst-
support bond causing a flaking or peeling of the catalyst from its 
support resulting in the loss of catalytic activity. A second prob-
lem plagues most catalysts employed as a means of reducing combustion 
emissions. Deactivation limits the useful life of a catalyst by re-
ducing the number of sites on the catalyst surface where reaction can 
take place. This problem is the major obstacle, at present, to effec-
tive application of a catalytic system to automobile exhaust emissions. 
Certain factors promote the deactivation process. Exposure to extreme 
heat, small amounts of sulfur and changing 02 concentrations in the 
gas stream are the major identifiable contributors. 
18 
Rolke, et al. [5] have compiled specifications of commercially 
available catalysts. Cost, size, and operating conditions are pre-
sented. These authors include a discussion of catalyst degradation 
and conclude that fluctuations in the 02 content of the exhaust gas 
stream can be a factor in accelerating deactivation of the catalyst. 
Bagley, et al. [21] present flow patterns and heat transfer pro-
perties of ceramic structures used as catalyst supports and examine 
the mechanical and structural properties necessary for long catalyst 
life. Techniques of ceramics manufacture and testing are discussed. 
Johnson, et al. [22] have incorporated the requirements of cera-
mic catalyst supports into a design of a catalytic converter for auto-
mobiles. Kinetic data are also presented. 
Hunter [23] has studied catalyst degradation in automotive emis-
sion control systems. He concludes that sulfur poisoning can be a 
major factor in deactivating catalyst materials. 
Dardin and Albright [24] studied propane oxidation in the presence 
of ozone. They concluded that the oxidation reaction could be initi-
ated by ozone at temperatures below that necessary for combustion with 
02 alone. 
4. Thermal Oxidation 
Thermal oxidation is an alternative to catalytic oxidation for 
the conversion of CO and hydrocarbons from automobile exhaust emissions 
to carbon dioxide and water. Thus the bulk of recent research in this 
area has been conducted with reference to the automotive problem. 
Rolke, et al. [5] state that the CO oxidation rate is increased 
by the presence of water which allows the formation of hydroxyl radi-
cals according to the reaction: 
19 
CO + OH ~ C02 + H ( 4) 
The hydrogen radical formed is available to react with water to form 
another OH radical: 
H + H20 ~ H2 + OH 
The reaction with o2 is: 
CO + l/2 02 ~ C02 
(5) 
(6) 
A comparison of the kinetics of the above reactions shows that the 
rate of free radical oxidation is negligible except in direct flames 
at temperatures above 3000°F. 
Schwing [25] has formulated a mathematical model based on oxi-
dation reaction kinetics. The model predicts the effects of airfuel 
ratio and quantity of dilution air on the reduction of CO and hydro-
carbons. A comparison is made with experimental operation of a single-
cylinder engine. 
Hibbard, et al. [26] present a comparison of two automobile ther-
mal converters and some kinetic data. The authors conclude that 
engine operating conditions are such that the temperature is too low 
for efficient conversion of CO and hydrocarbons. They find that de-
creasing the air/fuel ratio improves the performance of the thermal 
converter. Hydrocarbons are oxidized according to the reaction: 
(7) 
Lang [27] recognized the advantage of having temperature in the 
thermal reactor independent of engine operating conditions. He has 
designed two systems for automobile emissions which utilize flameholders 
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in the exhaust manifold. He was able to show an increase in the con-
version of CO and hydrocarbons by increasing the amount of fuel burned 
in the manifold flameholders. It was found that fuel economy is re-
duced by 9 to 22 percent when compared to the same vehicle without 
the thermal converter. 
Brokaw and Bittker [28] have performed a theoretical study of CO 
oxidation rates from reaction kinetic data. They conclude that at 
temperatures above 1400°F, the conversion of CO is rapid, proceeding 
to completion in less than 5 milliseconds. 
C. Nitrogen Oxides Abatement Methods 
From the standpoint of removal, nitrogen oxides are among the 
more difficult pollutants to treat. Much emphasis has been placed on 
research in this area by automakers and governmental agencies. Gen-
erally speaking, the same basic methods that were considered for CO 
and hydrocarbons are applicable to the problem of nitrogen oxides. 
1. Absorption 
Absorption of nitrogen dioxide, N0 2, in aqueous solutions is a 
basic operation in the nitric acid industry. The reaction involved 
is: 
(8) 
Perry, et al. [18] presents equilibrium data for the NO- water sys-
tem which may be used in absorber design. 
Parsons [29] presents a compilation of technical notes including 
a literature review of aqueous scrubbing of NOx. Thermodynamic pro-
perties of compounds of interest in studies of NOx absorption are 
included. 
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Ghosal, et al. [30] have presented design data for packed towers 
based on N02 diffusion in tfle gas phase and liquid phase reaction of 
N2o4 with water. A correlation of existing absorption data is devel-
oped. 
Koval and Peters [31] investigated the effect of nitric oxide on 
the absorption of nitrogen dioxide. Also included was the effect of 
NO on the amount of acid recovered. Th_ey found that increasing the 
amount of NO present decreased nitric acid recovery, increased the 
removal of NO and only sl igh_tly effected the removal of N02. 
Peters and Koval [32] investigated the effect of agitation and 
gas dispersion mechanism on the absorption of N02 in water. They 
reported a maximum of 82 percent removal from air containing 4 mole 
percent N02 and 44 percent removal from air containing 0.37 mole per-
cent No2• 
Peters and Holman [33] noted that both liquid and gas phase re-
actions occur in the absorption of N02 in aqueous solutions. It was 
found that absorption of N02 in water and aqueous NaOH leads to pro-
duction of NO in a gas phase reaction. In general, removal efficiency 
for NO in low concentrations was found to be poor. 
Wendel and Pigford [34] analyzed the kinetics of N2o4 absorption 
in water according to penetration theory for gas phase N2o4 concentra-
tions of about 1 mole percent. They assert that their model matches 
experimental data better than models based on the two film theory or 
on chemical kinetics. 
2. Adsorption 
Adsorption has been suggested for the treatment of waste gases 
from nitric acid production where the primary nitrogen oxide is N02. 
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Sundaresan, et al. [35] have studied the adsorption of NO on 
silica gel and molecular sieves. Using NO concentrations in air of 
1500 to 3000 ppm, removal of 80 percent was achieved . Column temper-
atures did not exceed 130°F. The adsorbent material was found to re-
move a good deal of water from the gas. The authors were able to re-
generate the adsorbent by passing a stream of hot air and steam through 
the bed to volatilize the NO and water. 
Joithe, et al. [36] adsorbed NO and N02 on molecular sieves. 
They found the N0 2 to be more strongly bound than NO. They also noted 
that moisture in the feed stream decreased the loading capacity for 
NO and recommended adsorbing any \'tater present on silica gel before 
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adsorbing NO on molecular sieves. 
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3. Catalytic Oxidation 
Robson, et al. [4] propose to oxidize NO to N02 by injecting 
ozone, o3 , into the exhaust gas stream. These authors assert that 
half of the NO will be oxidized in 4 milliseconds holdup time by the 
reaction: 
(9) 
This scheme is not catalytic in the strict sense, however, the reaction 
is the only non-catalytic homogeneous gas phase reaction which is suf-
ficiently rapid for this application. 
Bauerle, et al. [37] studied catalysts for the reaction: 
( 10) 
These authors used various copper based and noble metal based cata-
lysts. Copper oxide, copper chromite, platinum, rhodium and ruthen-
ium were tested. 
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4. Catalytic Reduction with Carbon Monoxide 
Oxidation of NO to N02 is no solution to the problem of nitrogen 
oxides pollution unless the N02 can be removed from the gas stream. 
Because N02 removal is difficult, many researchers have attempted to 
try an alternate approach. 
Recent studies have shown it is possible to convert CO and NO to 
C02 and N2 in the presence of appropriate catalyst materials: 
CO + NO + C02 + 1/2 N2 (11) 
Bauerle, et al. [37] tested various catalysts for NO reduction. 
All promoted complete conversion of NO below 320°C in excess CO and 
in the aosence of 02. In the presence of what were near-stoichio-
metric concentrations of 02 for CO oxidation, there was little NO 
reduction except with ruthenium and platinum. 
Seegall, et al. [38] studied noble metals, rare earth oxides and 
transition metal catalysts. They concluded that the transition metal 
alloys closely related to Monel out-perform the other catalysts on 
the basis of NO reduction. Their testing did not include studies of 
catalyst degradation. 
Ayen and Ng [39] used ceramic supported catalysts of barium pro-
moted chromium oxides. They found this catalyst effective at temper-
atures below 240°C. A dual site mechanism was postulated for the 
reaction between CO and NO. 
Baker and Dohr [40] employed a copper chromite catalyst to re-
duce NO. It was found that in the presence of 02, CO was preferen-
tially oxidized to co2. The authors found that exposing the catalyst 
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to a reducing atmosphere before use enhanced its potential for re-
duction of NO. 
Lunt, et al. [41] report that a monel catalyst shows potential 
for contra 1 of NOx in automobile exhaust. They assert that fl uctua-
tions in the o2 content of the gas stream during vehicle acceleration 
and deceleration cause widening of microscopic fissures in the metal. 
These fissures eventually lead to weakening of the catalyst structure. 
The result is macroscopic degradation of the catalyst. 
5. Catalytic Reduction With Ammonia 
Metzler [4·2] studied ammonia injection and gas phase reaction to 
reduce N0 2 by the reaction: 
( 12) 
He found that injection of excess NH3 removed 99 percent of the initial 
N0 2 in 7 seconds at temperatures near 200°C. He proposes a scrubber 
system to remove the fine NH4No3 salt and the excess NH3 before re-
leasing the gas stream. 
Chakrabarti and Chu [43] reduced nitric oxi.de with ammonia over 
barium promoted copper chromite and a nickel oxide-copper oxide cata-
lyst supported on alumina. The chemical reaction is: 
( 13) 
Nitric oxide concentrations from 550 to 1400 ppm and NH 3 concentrations 
from 700 to 7900 ppm were tested. At temperatures near 400°C, the 
maximum conversion of NO was 68 percent with the ammonia concentration 
7.5 times stoichiometric. 
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Wu and Chu [44] were able to reduce NO with a novel catalyst. 
Nodules of manganese raked from the floor of the Pacific Ocean proved 
more effective than some commercially available catalysts. Estimates 
of costs of the nodules range from $2 to $40 per ton. 
6. Catalytic Reduction with Hydrocarbons 
Various researchers have found it possible to reduce NO with a 
nydrocaroon serving as the reducing agent: 
NO + reducing agent + N2 + co2 + H20 (14) 
Ault and Ayen [45] used a barium promoted copper catalyst to 
test the reduction of NO by various hydrocarbons. Their tests show 
that the conversion increases with increasing carbon number, but that 
increasing carbon number promotes catalyst degradation. Carbon num-
ber refers to the number of carbon atoms per hydrocarbon molecule. 
Klinisch and Barnes [46] found that in the presence of base metal 
catalyst (an alumina-supported mixture of nickel and chromium oxides), 
carbon monoxide and water vapor in the exhaust gases react to form 
carbon dioxide and hydrogen: 
( 15) 
The hydrogen thus formed is available for the reduction of nitric 
oxide to ammonia at temperatures less than 375°C: 
Above 600°C the ammonia was found to decompose to N2 and H2. 
7. Nitrogen Oxides and the Thermal Reactor 
( 16) 
The thermal reactor is not a means of reducing the levels of NOx' 
especially NO, according to Robson, et al. [4] and Brokaw, et al. [28]. 
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Butze [47] has. found the presence of water in combustion air a 
factor which reduces the amount of NO in jet engine exhaust. He 
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speculated that the water might lower the flame temperature, thereby 
reducing the rate of oxidation of N2 to NOx. 
D. Cost of Pollution Control Equipment 
Several authors have compiled cost data for pollution control 
devices considered in this study. Edmisten and Bunyard [48] contacted 
vendors, purchasers and operators of air pollution control equipment. 
They correlated their findings for electrostatic precipitators, bag 
filters, wet collectors, mechanical collectors and commercial after-
burners. Installed costs,operating costs, and maintenance costs are 
presented as a function of total gas flow rate for the year 1968. 
Vandegrift, et al. [49] have compiled cost data for high effici-
ency particulate control devices and presented it as a function of 
efficiency and gas flow rate. Installed costs and operating costs 
were shown for scrubber systems, precipitators and fabric filters. 
Calvert, et al. [11] presented limited cost data for scrubber 
systems, and costs of package afterburner systems and some catalysts 
were collected by Rolke, et al.[5]. 
Pricing of systems not included in these studies was by the 
techniques presented in Popper [50]. These are cost data for indus-
trial process equipment. 
27 
III. ~1ETHODS APPLICABLE TO THE TEST STAND PROBLEM 
In this section the installed and operating costs for each method 
will be presented. The expected reliability will be evaluated. The 
abatement of each pollutant will be considered separately, and combin-
ations of these individual removal methods will be analyzed for a solu-
tion to the total problem of jet engine test stand emissions. 
A. Particulate Removal Methods 
Each of the devices presented in the previous section will be 
evaluated with respect to the test stand problem. 
1. Electrostatic Precipitator 
In this application, temperature and vibrational requirements 
dictate that the precipitator follow the noise suppressor unit. Ex-
haust gases would be ducted through the precipitator and discharged 
to the atmosphere. Because the air stream must be slowed for effec-
tive treatment, it can be inferred that a precipitator to handle 1 
million cfm must provide a large area for flow. 
The possibility of particulate fouling and the subsequent main-
tenance cost and explosion hazard make the choice of an electrostatic 
precipitator an uncertain one, technologically speaking. If this prob-
lem could be eliminated, a precipitator unit to treat the entire vol-
ume of gas and remove 80 percent or more of the pollutants would cost 
from $0.7 to $1.6 million installed. Yearly operating costs would be 
$100,000 to $300,000 per year. 
These costs were computed directly from the data of Edmisten and 
Bunyard [48] and Vandegrift, et al. [49] and were adjusted to reflect 
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the effect of i.nflati.on and other factors using the Marshall and 
Stevens i.nstalled equipment 'index from the base year to the present. 
A comparison was made with the cost estimates of Getter and Teller 
[3] and Robson, et al. [4], accounting for differences in volume of 
gas treated and pro-rating to the present. The costs shown in this 
report reflect, when possible, esti.mates from a number of sources. 
Because of possible fouling profilems, the explosion hazard and 
high cost, electrostatic precipitators in general cannot be recom-
mended as a solution to the particulate emission problem. 
2. Bag Filter 
Bag filter facilities have proven their capability for efficient 
removal of submicron particulates in industrial applications. How-
ever, there are disadvantages connected with their use in this problem. 
Since the fabric used in bag construction will not withstand 
temperatures above 500°F, and since excessive vibration may lead to 
re-entrainment of collected particulates, the bag house must follow 
the suppressor unit and treat the cooled gas stream. Additional air 
and water would be required to cool the exhaust to 500°F, thus in-
creasing the total volume to be treated. Air would be ducted from 
the suppressor into the filter and the treated gas exhausted through 
a short stack. Like the precipitator unit, the bag house would es-
sentially be an add-on module, with ductwork comprising the major 
modification expense. 
The oily nature of the pollutants will cause them to adhere to 
the bag and make removal difficult. Such blinding will increase pres-
sure losses and make maintenance down-time frequent. Ground space 
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requirements are high, about 12,000 ft 2 per test cell. A bag house 
for 80 percent or better removal of particulates will require an in-
itial investment of $1.3 to $2.2 million and yearly operating costs 
will oe $100,000 to $300,000 according to the data presented by 
Edmisten and Bunyard [48] and Vandegrift, et al. [49]. These figures 
were adjusted for inflation and differing gas volumes as described 
previously. 
Because of the high cost and the possioility of filter blinding 
by oily particulates, the bag filter cannot oe recommended as a prac-
tical solution in this application. 
3. Venturi Scruboer 
The venturi scrubber would be installed after the noise suppres-
sor with the gases from the suppressor ducted to the venturi and out 
an exhaust stack. Duct work would constitute the major modification 
to the noise suppressor. 
The venturi scrubber has a somewhat lower efficiency than a pre-
cipitator or bag house, but is still acceptable for this application. 
A major disadvantage is that it is inefficient at less than 10 percent 
of its design gas flow rate and pressure loss increases exponentially 
as flow rates increase beyond 10 percent of the design. Also, venturi 
scrubbers are not designed to handle flow rates of a million cfm in a 
single unit. Thus, a venturi installation would require a number of 
scrubbers in parallel and a system to shunt the gas flow so that more 
units would operate as the gas flow increased. 
A venturi system to treat test cell effluent would require an in-
vestment of $0.7-$1.0 million and cost $300,000 to $400,000 yearly to 
30 
operate according to the data of Edmisten and Bunyard [48] and Vandegrift, 
et al. [49]. This does not include the cost of duct-work or a flow 
regulating system to handle the problem of limited turndown. These 
costs were prepared in the same manner as the costs for the precipita-
tor. Additional cost data were available from Calvert, et al. [11]. 
In this application, the venturi scrubbing liquor effluent would 
contain undissolved solids and insoluble organics causing a secondary 
pollution problem. Also, minimum pressure drop for submicron particle 
collection would be about 40 inches of water, exceeding the pressure 
loss restriction. 
Primarily because of the high pressure drop and design limitations 
on turndown ratio, the venturi scrubber is not a good choice for this 
application. 
4. Crossflow Packed Scrubber 
This scrubber system consists of a packed crossflow section in 
which~e gas stream flowing horizontally is contacted at right angles 
with a liquid flowing vertically from above. A prototype of such a 
scrubber is in operation on a Navy test cell. The scrubber section 
in this design is preceeded by an exhaust gas "conditioning" section 
designed to agglomerate several small particles into one larger mass 
particle. Because of this design, it is difficult to evaluate the 
effectiveness of the scrubber alone, however, work with crossflow 
packed scrubber systems without preconditioning by other researchers 
indicates only 20 percent removal of submicron particles. 
The advantages of a crossflow system are lower pressure drop when 
compared to counter-current contacting schemes and ability to handle 
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heavy particle loadings without particle buildup in the scrubber. 
Di.sadvantages include hJgh_ water rate requirements and subsequent 
high pumping costs. 
The system could be included with a minimum of design changes to 
allow for special water injection in the noise suppressor. The packed 
section on the prototype scru5ber sits atop the exhaust stack on the 
noise suppressor unit. 
Based on cost data for the Navy's prototype from Getter and Teller 
[3], the capital cost for an 80 percent removal system is estimated 
as $400,000 to $500,000 and operating costs would be $200,000 to 
$500,000 yearly. 
Although the costs are quite high, the crossflow scrubber when 
coupled with a preconditioning unit appears to be a feasible solution 
to the particulate emission problem. However, excessive quantities 
of water would be used unless a cooling tower is also provided for 
water recirculation. Also, the particulates must be removed from the 
water. When this auxilliary equipment is added, the total capital 
cost for this system would be $500,000 to $600,000, which is consid-
ered prohibitive. 
5. Thermal Reactor 
Thermal reactors are not uncommon in the treatment of pollutants 
in industrial gas streams. In principle, they incinerate carbonaceous 
particulates by raising the temperature of the gas stream so that the 
solids burn completely to co2 as in reaction (1). 
Generally, a thermal reactor has two sections. The gas enters 
a burner section where it is heated to a temperature at which the 
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combustion reaction is tnUtated. The gases then enter the reaction 
secti:on where they are kept at elevated temperatures while the reaction 
proceeds. For the jet engine test stand, the reactor would consist 
of a section of insulated pipe about 30 feet long and 10 feet in dia-
meter. This section could fie placed 5.etween the jet exhaust and the 
existing noise suppressor, or it could follow th.e noise suppressor 
as a part of the stack. As the exhaust gas enters the thermal reactor, 
i.t passes severa 1 burners which are operated whenever the exhaust is 
below about 2400°F, the required reaction temperature. The remaining 
length of the tube provides holdup time necessary for the particulates 
to combust completely. As the hot gases exit the reactor, water is 
injected to cool the gas stream. The gases are then handled as in 
tbe present suppressor design. 
The advantages of a thermal reactor are its simplicity, both in 
concept and design. The kinetic data on which the design is based 
are considered very reliable as the combustion reaction has been 
studied by many researchers. The secondary pollutants, collected 
particulates in the case of a dry precipitator and bag filter, or con-
taminated water in the case of a scrubber or wet precipitator, are 
eliminated because the exiting air stream contains only harmless C0 2 
and H2o. The design envisioned requires only minor changes in the 
noise suppressor design. 
Investment required for a thermal reactor is estimated as $40,000 
to $80,000 and operating costs as $300,000 to $800,000 yearly. These 
cost estimates are based on a carbon steel shell lined with an anc~red 
castable refractory. The costing of the steel shell was performed 
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using the data of Popper [50]. The anchored refractory was priced 
by the Hnear foot [51 ,52]. 
Th_e concept of a thermal reactor is appropri:ate in this appl ica-
tion because tfle exhaust gases are provided preheated. Because of its 
simplicity and reliability, the thermal reactor deserves serious con-
sideration as a method of treating particulate emissions. The design 
of a thermal reactor and its cost are examined in more detail in a 
later section. 
6. Catalytic Treatment 
As noted in the review of studies of catalyst performance, the 
presence of particulates in the exhaust gases presents problems with 
catalyst performance. Hence, it is oelieved that catalytic treatment 
is not a solution to the particulate emission problem. It should be 
noted that the catalysts which will be discussed for the treatment of 
CO and hydrocarbons are also susceptible to particulate blinding. 
Therefore, particulates must be removed before treatment by any cata-
lytic device. 
7. Summary of Particulate Removal Methods 
Table III provides a summary of the methods for removing particu-
lates from the exhaust of the F-15 test stand. As noted previously, 
only two methods, the crossflow scrubber and the thermal reactor, are 
considered to have adequate technological ratings in this service. 
The capital cost for the scrubber is quite high, and it has other ser-
i.ous disadvantages; namely, the need for a cooling tower and a particu-
late removal system for the circulating water. The thermal reactor 
h.as a low capital cost, but a rather high_ operating cost. This 
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TABLE III 
SUMMARY OF PARTICULATE REMOVAL METHODS 
Removal Capital Cost Operating Cost Technical 
Method $ X 10-6 $/yr x lo-6 Reliability 
Precipitator . 7 - 1.6 . 1 - .3 fair 
Filter 1.3- 2.2 . 1 - . 3 fair 
Venturi .7 - 1.0 .3 - .4 fair 
Scrubber .4 - . 5 .2 - .5 good 
Thermal 
Reactor . 04 - . 08 .3 - .8 good 
35 
operating cost consi.sts pri.martly of fuel to maintain the exhaust 
gases at elevated temperatures. For removal of particulates, the 
therma 1 reactor affords the D.est chance of success. Consequently, 
this method is recommended for this application. 
ll. Caroon Monoxide and Hydrocarbon Removal Metttods 
Tnere are two major classifications of removal methods for 
gaseous car6on monoxide and hydrocaroons: physical and chemical. 
Physical metttods refer to those which remove the polluting component 
but do not alter it. Chemical methods remove the pollutant by involv-
ing it in a reaction to alter its composition. Obviously, physical 
methods help th_e immediate problem, cleaning the jet exhaust. How-
ever, removal is only the first step. Ultimate disposal of the pollu-
tants is the criterion by which an abatement method must be judged. 
In this ligttt, chemi.cal methods would be preferred if they convert 
the pollutant to some harmless compounds and if they are economically 
competitive. In the fall owing di.scussion of CO and hydrocarbon re-
moval, physical methods, absorption and adsorption, and chemical method~ 
catalytic and thermal oxidation, are presented. 
1. Absorption 
Many industrial processes rely on absorption as a method of re-
moving a valuable component from a gas stream. For absorption of CO 
and hydrocarbons from the jet engine exhaust, the gas stream leaving 
the noise suppressor unit would be cooled to essentially ambient tem-
peratures and ducted to the bottom of a vertical tower about 25-30 
feet in diameter. The tower would contain a packed section irrigated 
oy water or s-ome suitaole solvent flowing counter-currently from the 
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top of th_e tower. Th_is configuration is similar to a packed scrubber. 
Unlike the scrubf>er which relies f>as·ically on an impaction mechanism, 
th_e absorber relies on gaseous diffusion across tfte gas-liquid inter-
face. The af>sorption rate decreases as the solvent approaches satura-
tion with respect to the solute. Tfte lower the soluf>ility of the gas 
in the liquid, the more solvent is required for a given removal. In-
directly then, the size of the tower is related to the solubility of 
the absorbed component. Further discussion and design considerations 
are presented oy Foust, et al. [17]. Because the solubility of the 
solute affects both tower size and amount of liquid required, an ab-
sorbent 1 iquid in wFtich tfte transferred material is reasonably sol u-
ble is required. 
A major advantage of an absorption system is its relative simpli-
city. Many proven designs are availaf>le for counter-current contact-
ing of liquid and gas streams. The system would f>e fairly rugged and, 
if designed for some maximum gas rate, could be expected to function 
adequately for gas rates considerably lower. However, gas phase pres-
sure losses are typically higher than those allowable, and the tower 
size required for effective separation may exceed height restrictions. 
Provided a suitable absorbing medium was available, a tower and 
pumping system sized for 80 percent removal of CO would cost a mini-
mum of $500,000 installed. These cost figures are based on the data 
available for the cost of columns and packings given by Popper [50]. 
Cost is a function of tower dimensi.ons. 
Several factors indicate that an absorption system is not an at-
tractive alternative for removal of CO and hydrocarbons. Design 
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calculations have shown that for efficient abs.orption of CO in a rea-
sonably- sized tower the solubility of CO must be increased 1 o~ooo 
times its solu5i.lity in water. No such absorbing solution has been 
reported. The amount of scrubbing solution required is such that 
pumping costs are on the order of 800~000 $/yr. Hydrocarbons related 
to kerosene~ that is the c10-c18 aliphatics~ are only slightly soluble 
in water solutions so that most industrial processes utilize a hydro-
carbon 5ase solvent. While this system may indeed remove the un-
burned exhaust hydrocarbons~ the gas stream flowing through the ab-
sorber will become enriched with the solvent. The result will be loss 
of one pollutant and gain of another. Another disadvantage is the 
ultimate disposal of the CO and hydrocarbons which must be removed 
from the solvent. 
Because no efficient absorbent is available for CO and because 
it is felt a hydrocarbon absorbing system will have no net beneficial 
effect~ absorption is ruled out as a reliable method of treating the 
CO-hydrocarbon problem. 
2. Adsorption 
The method of removing pollutants by adsorption is closely re-
lated to absorption. Adsorption is the process of passing a gas 
stream through a bed of solid particles which have an affinity for 
one of the gaseous components. 
In this process~ the component being adsorbed diffuses from the 
gas phase to the solid surface where it is held by molecular inter-
action with the surface. The maximum amount of a given component is 
held at the saturation point of the solid particles. As temperature 
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is decreased, the amount of the adsorbed component held at saturation 
increases. As the concentration of the adsorl:led component increases, 
the amount of that component whi.ch is held at saturation by the solid 
increases. 
Most industrial operations are carried out in a tower filled with 
the adsorBent, typically activated charcoal, silica gel, a synthetic 
zeolite or a molecular sieve. The gas entering at the bottom of the 
tower flows through the adsorbent and exits at the top. As it does 
so, contact with the adsorbent gradually decreases the concentration 
of adsorl:late in the gas phase until it emerges cleaned. The relation-
ship between saturation point and tower size is essentially the same 
as that between solubility and tower size in the case of absorption--
if the saturation point is low, the tower is required to be large. 
An advantage of an adsorber system is that after the bed becomes 
saturated, it can be regenerated and recovery of the adsorbed compo-
nent is possible. Disadvantages are that low operating temperatures 
are required and high pressure losses occur in adsorbent bed. Techni-
cal problems associated with the regeneration of adsorbent would be 
formidable. The regeneration process would pass either hot air or 
steam through the bed. The exiting stream enriched in CO and hydro-
carbons would then present essentially the same pollution problem as 
the original exhaust stream. 
This author envisions an adsorber system having several adsorb-
ent beds in parallel so that the exhaust gas stream would be split 
and a sma 11 er val ume passed through each bed. This system has the 
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advantage of reducing the total pressure loss which is a fl!nction of 
the gas ve 1 octty and the adsorbent fied void fraction. 
Because the adsorption data for CO was not available from the 
literature, CO was assumed to have no Better adsorption characteris-
tics than NO. In general, the equiliBrium between gas and adsorbent 
is such that 1 arge Beds are required, and there is no reason to be-
lieve CO would Be more readily adsorf5ed than NO. The design was based 
on complete saturation of the adsorBent Bed and a gas flow rate which 
leads to a pressure loss of about 1 psi per foot of bed depth with a 
parallel bed arrangement as discussed aBove. The minimum cost for 
this system estimated according to Popper [50] is $600,000 with an 
operating cost of about $300,000 per year. 
It is believed that this design is conservative for two reasons. 
It is likely that an adsorbing medium for CO and hydrocarbons would 
also absorb NO to some extent. Since there are a large but finite 
number of sorption sites available on the surface of the adsorbent, 
the CO, hydrocarbons and NO must compete for the sites. This in-
creased loading necessitates a deeper bed with higher pressure losses 
if removal of CO and hydrocarbons is to be carried out in an atmosphere 
containing NO. Also, the cost estimate above does not include the 
cost of a booster fan system to deal with the pressure losses. 
There is a major shortcoming, along with the high cost, which 
makes the adsorption system a poor choice in this application. The 
regeneration of the saturated bed creates a secondary CO and hydro-
carbons pollution problem and the cost estimates do not include sub-
sequent treatment. 
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3. Catalytic Oxidation 
A chemical metnod of pollutant removal alters the form of a pol-
lutant so th_at upon emission, it no longer is classified as a pollutant. 
For CO and nydrocarbons, oxidation reactions fulfill this requirement 
as tne reaction products are harmless as shown in reactions (6) and (7). 
Conceptually, the catalytic system would follow the noise suppres-
sion unit. The temperature of the gas stream would be controlled with-
in a temperature band of + 30°F near the optimum operating temperature 
of the specific catalyst. Temperatures above this limit promote ac-
celerated degradation. At temperatures below the optimum, the reaction 
rate falls off exponentially with the temperature and pollutant removal 
is incomplete. The gases leaving the catalytic unit would be vented 
to the atmosphere through a stack. 
The advantage of a catalytic unit is the comparatively low oper-
ating temperature. However, all catalyst systems for this type of 
application have some serious drawbacks. The operating temperature 
must be closely controlled to assure complete oxidation and yet pro-
tect the catalyst from undue thermal stress. Also, present-day cata-
lysts are not so reliable in systems of changing flow rate and o2 con-
centration that long term stability can be assured. 
If problems associated with catalytic systems could be minimized 
to the point where this system would be technically feasible, the cost 
of implementation would be rather high. Based on the cost data by 
Rolke, et al. [5] for commercially available oxidation catalysts in-
stalled in an insulated steel shell, the installed cost is estimated 
at $80_Q,OOO to $1,600,000. Operating costs of $400,000 to $500,000 
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yearly are expected. The cost of catalysts are correlated on a volume 
basis. Th_e amount of catalyst required is calculated from data col-
lected by Rolk.e, et al. [5] and from space times determined by experi-
menters Bagley, et al. [21], Johnson, et al. [22] and Hunter [23]. 
The cost figures represent a composite of these calculations. The 
operating costs include maintenance costs for the instrument and flow 
regulating equipment, catalyst regeneration costs and allowance for 
25% catalyst replacement yearly. 
Rolke, et al. [5] present estimates of exhaust stream pressure 
loss in the catalyst modules as a function of flow rate. Calculations 
show that a catalytic scheme would exceed the pressure drop restric-
tions in most cases. If the catalyst were designed with a large cross 
sect i.on to reduce superfic ia 1 ve 1 a city and pressure 1 asses, a gas 
distribution problem might result, leading to channelling of the ex-
haust through the reactor. This channelling would decrease the con-
version of pollutants by shortening the residence times. 
The catalytic oxidation approach does not appear to be acceptable 
in this specific application for the following reasons. The catalytic 
system is subject to blinding by buildup of particulate material on 
the catalyst surface reducing the area available for reaction. Hence 
an already expensive system must be preceeded by another system to 
remove particulates. Close temperature control of a large gas stream 
will present a problem with control devices and make expensive instru-
mentation necessary. Pressure drop through the section of catalyst 
could be above the maximum allowable requiring booster fans or redesign 
of the catalyst support system. 
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Because of problems inherent in any catalytic method and because 
catalytic schemes are not well suited to thJs application, the ap-
proach of catalytic oxidation as a means pollutant removal is not 
recommended. 
4. Thermal Oxidation 
While a catalyst is required to promote oxidation of CO and hy-
drocarbons at temperatures of around 600°F, reactions (6) and (7) 
proceed sufficiently fast without catalysis at temperatures near 
2200°F. These reactions can be carried out in a device similar to 
that described for thermal control of particulant pollutants. Gases 
from the jet exhaust flow through a large diameter insulated steel 
shell of sufficient length to provide the holdup time necessary for 
the reaction. Heat would be added to the entering gas stream, when 
necessary, to bring the gas to reaction temperature. Reaction data 
indicate that the size required for 80 percent removal of CO and hy-
drocarbons is less than that required for 80 percent particulate re-
moval so that a system sized on the basis of particulates will remove 
more than 80 percent of the CO and hydrocarbons. 
Based on a steel shell with an anchored castable refractory lin-
ing, the capital costs for a thermal oxidation system are estimated 
as $30,000 to $60,000. This estimate is obtained following the method 
of Popper [50]. Operating costs are expected to be $500,000 to 
$700,000 per year. 
This scheme would require only minor modification of the noise 
suppressor design and offers the distinct advantage of emitting no 
secondary pollutants. The efficiency, cost and simplicity of a 
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thermal reactor make i.t the best choice for removal of CO and hy-
drocarbons. 
5. Summary of Carbon Monoxide and Hydrocarbon Removal Methods 
Table IV provides a summary of the methods for removing CO and 
hydrocarbons from the exhaust of the F-15 test stand. As discussed, 
the only method considered to have a good technological rating is the 
therma 1 reactor. The therma 1 reactor has a 1 ow capita 1 cost, and a 
rather high operating cost, primarily for fuel to maintain the ex-
haust gases at reaction temperature. Th_e therma 1 reactor affords the 
best chance of success and is therefore recommended in this application. 
C. Nitrogen Oxides Removal Methods 
The principal nitrogenous contaminant in jet engine exhausts is 
nitric oxide, the most stubborn of the nitrogen oxides from a removal 
standpoint. The methods of NO removal will fall into the same two 
X 
major classes used for CO and hydrocarbons, physical and chemical. 
No reliable, economically feasible method is presently available for 
NO removal at low concentrations from gas streams, despite the em-
x 
phasis on research in this area by automakers and governmental agencies. 
The following is a discussion of many methods proposed for NOx removal. 
1. Absorption 
As was the case for CO, an absorbing solution in which NO is 
10,000 times more soluble than it is in water would be required for 
efficient removal in a reasonably sized tower. Much literature is 
available on the absorption of NOx, but no information was reported 
which indicated an efficient system. Generally speaking, most of the 
methods investigated for removal of NO by scrubbing have relied on 
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TABLE IV 
SUMMARY OF CARBON MONOXIDE AND HYDROCARBON REMOVAL METHODS 
Removal Capital Cost Operating cgst Technical 
Method $ X 10- 6 $/yr x lo- Rel iabi 1 ity 
Scrubber .5 .8 poor 
Absorption .6 .3 fair 
Catalytic 
.8 - 1.6 . 4 - .5 fair 
Reactor 
Thermal . 03 - . 06 . 5 - . 7 fair 
Reactor 
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adding a metal hydroxide or oxide to water so that as NO is absorbed, 
it can be neutralized. The addition of magnesium hydroxide, calcium 
hydroxide and related compounds or the oxides of magnesium and calcium 
result in th_e formation of the solid nitrates and/or nitrites of these 
compounds. These solids can cause plugging of the scrubber system 
and hence, must 5e removed from the liquid effluent of the system be-
fore disposal or recycle of the scrubBing liquid. None of the systems 
examined show particular promise for the removal of NO in low concen-
trations from a large gas stream. 
The NO scruBbing system would conceptually follow the noise sup-
pressor unit. No modification in design of the noise suppressor would 
be required. Treated exhaust gas would be vented through a stack. 
Based on an aBsorBing liquid with properties described above, the 
capital cost of this method would be about $500,000, according to cal-
culations based on Popper [50]. Pumping and maintenance costs could 
run as high as $800,000 per year. Because no suitable absorbent has 
been identified, and Because of the high investment, absorption cannot 
be recommended as a method of NO removal in this application. 
X 
2. Adsorption 
This method of removal is based on capture of gaseous molecules 
on the surface of a solid material and is outlined briefly when this 
method was considered for CO and hydrocarbon removal. For this appli-
cation, the adsorption unit would follow the noise suppressor and no 
changes in the present noise suppressor design would be necessary. 
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The adsorption unit itself could consist of a parallel arrange-
ment of beds h_olding the adsorbent, in this case probably a molecular 
sieve. The parallel arrangement allows pressure loss through the de-
vice to be held to a minimum. Even so, it may not be possible to meet 
the limitation of 0.5 psi. When the bed becomes saturated with nitro-
gen oxides and net removal ceases, the absorbent may be regenerated 
by passing hot air or steam through the bed. Current research has 
shown that the presence of water vapor in the gas stream reduces the 
amount of NO adsorbed in a given volume of bed. 
A design estimate based on complete bed saturation at loadings 
determined experimentally by Sundaresan, et al. [35] envisions a series 
of adsorber beds in parallel with a furnace to provide hot air for 
regeneration. The cost of the adsorbent, beds and furnace is esti-
mated from Popper [50] to be $600,000 with an operating cost of about 
$300,000 per year. This cost does not include ductwork, a fan to deal 
with pressure losses, or the silica gel recommended by Joithe, et al. 
[36] to remove H20 before adsorbing NO on the molecular sieve. 
The major disadvantage of the NO adsorber system is that during 
the regeneration process, an air stream enriched in NO is produced. 
Thus adsorption cannot be recommended as a treatment method for the 
problem of NO pollution. 
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3. Catalytic Oxidation 
This method would apply a catalyst to the gas stream to increase 
the rate of oxidation of NO by reaction (10). The NO catalyst system 
would be similar to that discussed with reference to oxidation of CO 
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and hydrocarbons. Like the other catalyst system, this catalyst would 
be vulnerable to fluctuations i.n oxygen concentration and would prob-
ably be blinded oy particulates in the gas stream. Hence this system 
would require prior removal of particulates to remain effective. 
Once the NO is oxidized to N02, an absorber or scrubber system 
is required to remove the N02 from the gas stream. The absorption of 
N02 in water forms the basis of the nitric acid industry. Reaction 
(8) indicates that one molecule of NO is formed for every 3 molecules 
of N02 absorbed. With 100 percent of the NO initially converted to 
N02 and 100 percent of the N02 formed subsequently absorbed, the maxi-
mum net removal of NO would be about 67 percent. Barring the discovery 
of an efficient absorbing medium for N02, this method does not appear 
attractive. 
The development of NO oxidation catalysts is not at a stage where 
costs can be readily estimated. However, the cost of a CO catalytic 
oxidation unit would seem to be a lower limit for the cost of an NO 
oxidation scheme as the CO catalyst unit does not require the second-
ary scrubber facility discussed above. The same is true of operating 
costs. 
Temperature proolems associated with most catalyst systems, the 
need for a reliable absorbent and the more complex and expensive cat-
alyst scrubber system make this an unattractive choice as a system al-
ternative. 
4. Ozone Oxidation 
Ozone is a highly reactive oxidant which could be injected into 
the exhaust stream from a jet engine. NO would react with the injected 
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ozone by reaction (9) much more rapidly than it would under the same 
conditions with oxygen. 
In such a system, ozone might be injected immediately as the gas 
stream exits the jet engine. A tubular space similar to the thermal 
reactor shell might provide the holdup time necessary for the reaction 
to proceed to completion. The problem would then be reduced to that 
of removing N02 from the gas stream as previously discussed above. A 
water scrubbing system limits the net removal of NO to 67 percent or 
less, and a superior absorbing system is yet to be identified. Special 
materials of construction might be required in the ozone atmosphere 
which could double or triple the cost of the noise suppressor unit. 
The work of Dardin and Albright [24] has shown that ozone will 
initiate the oxidation of certain hydrocarbons. If ozone is suffici-
ently reactive to oxidize NO it will probably also oxidize any CO 
present. Excess ozone must be injected in amounts from 3 to 5 times 
stoichiometric so that sufficient ozone remains after CO and hydrocar-
bon oxidation to allow oxidation of NO. Any excess ozone, as well as 
N02 formed, must be scrubbed from the air stream before release if 
nitrogen oxides emissions are to be reduced and secondary pollutants 
avoided. Because ozone is not easily transported and has a short 
shelf-life, it must be generated on-site. 
The capital cost of an ozone generating facility alone is esti-
mated as $300,000 based on the data of Robson, et al. [5]. This cost 
would have to be added to the cost of a scrubbing system and reactor. 
Operating costs would be high as ozone generation methods involve ultra-
violet radiation, corona discharge, or laser techniques. This cost 
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does not include the scrubbing system or the reaction chamber which 
would be required, or possible changes in noise suppressor materials 
of construction. 
Problems involved with ozone generation and handling, the risk 
of secondary pollution and incomplete kinetic data combine to make 
this method one involving a high element of risk. When considered 
with expected high investment and operating costs, the method is elim-
inated from further consideration as a viable system for control of NO 
emissions. 
5. Nitrogen Oxide Reduction with Carbon Monoxide 
Recent studies have shown it possible to react CO and NO forming 
harmless co2 and N2 as shown in reaction (11}. Catalysts studied pro-
mote this reaction only when 02 concentrations are less than about .75 
mole percent. Under ideal conditions, reactor volumes several orders 
of magnitude larger than those for thermal oxidation of CO and hydro-
carbons are indicated. 
Such a catalyst system would follow the noise suppressor unit and 
would require no design changes for the noise suppressor. Both cata-
lysts would experience the problems of particulate blinding and deacti-
vation. It is reasonable to assume that the cost of commercially avail-
able hydrocarbon oxidation catalyst systems serve an order of magnitude 
estimate for the cost of this system. 
This scheme cannot be recommended as a reliable one for the re-
moval of nitric oxide pollutants because the catalyzed reaction rate 
is at least 3 orders of magnitude slower than is technically acceptabl~ 
the maintenance of less than .75 mole percent 02 in the gas stream is 
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difficult, if not impossible to attain, and the general weaknesses of 
a catalyst system in this service as previously described. 
6. Nitric Oxide Reduction with Ammonia 
Studies have shown that injection of NH3 in the presence of a 
suitable catalyst can promote the removal of NO by reaction (13), 
which is not poisoned by the presence of oxygen. 
Cost data for such a system are not specifically available, but 
it is expected that they would be similar to commercially available 
hydrocarbon oxidation catalyst units previously discussed. Develop-
ment time for a reliable system is placed at 2 years minimum. 
Several factors indicate nitric oxide reduction with ammonia 
would not be a satisfactory method of NO removal. Ki.netic data indi-
cate a reactor size five to ten times larger than feasible. Also, to 
realize even some moderate reaction rate, NH 3 must be injected at 3 
to 5 times stoichiometric requirements. This excess ammonia must be 
removed, possibly by a scrubber system using water as an absorbing 
medium, to prevent a secondary air pollution problem. Some method 
must then be found for either disposing of the water as it becomes 
saturated with ammonia, or recovering the ammonia from the water. 
This recovery system adds to the cost of an already expensive catalyst 
system. 
Because of these limitations, the catalyzed ammonia reduction re-
action does not appear to be a good means of achieving nitric oxide 
remova 1. 
7. Summary of Nitrogen Oxides Removal Methods 
Table V presents a summary of the methods for removing nitrogen 
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TABLE V 
SUMMARY' OF NITROGEN OXIDE REMOVAL METHODS 
Removal Capital ~ost Operating Cost Technical 
Method $ x 1o- $/yr x 1 o~6 Reliability 
Scrubber .5 .8 poor 
Adsorption .6 .3 fair 
Catalytic 1.5 .5 - .6 fair 
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oxides. It is felt that none of the methods give adequate technical 
reliability while all have comparatively high capital costs. In view 
of this, i.t is recommended that action on NO emissions be deferred 
X 
until the technology becomes sufficiently developed to allow reliable 
design, or th_at efforts be concentrated on modifications to the engine 
to reduce the production of NO . 
X 
D. Treatment Methods Applicahle to the Total Problem 
Let us now consider how the methods of treating individual pollu-
tants previously discussed could be arranged into systems to treat the 
combined problem of particulates, carbon monoxide and hydrocarbons. 
Nitrogen oxides methods are not included because no available tech-
nology appears to be sufficiently reliable for long-term effective 
operation. A summary of methods of solving the problem of 80 percent 
removal of particulates, carbon monoxide and hydrocarbons is presented 
in Table VI. 
1. Single Stage Scrubber 
This design relies on the availability of a scrubbing liquid to 
remove CO and hydrocarbons as well as particulates. The scrubber de-
sign might be similar to the crossflow packed scrubber. In this case, 
there would be little need for noise suppressor design changes. How-
ever, in all cases where a scrubber is employed, the scrubbing liquid 
must be cooled and the pollutants removed if the liquid is to be re-
cycled. This requires methods for treatment or disposal of recovered 
pollutants. 
The advantages and disadvantages of this system have been dis-
cussed in sections where they were introduced. The cost is based on 
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TABLE VI 
SUMMARY OF PARTICULATES~ CARBON MONOXIDE 
AND HYDROCARBON REMOVAL METHODS 
Removal Capital ~ost Operating cgst Technical 
Method $ X 10- $/yr x 10- Reliability 
Single Stage .6 - .8 .2 - . 5 poor 
Scrubber 
Precipitator- 1.2 - 2. 1 .3 - .8 poor 
Scrubber 
Precipitator- 1.5 - 3.2 .5 - .8 fair 
Catalytic 
Reactor 
Precipitator- 1.3 - 2.4 .4 ... • 9 fair 
Adsorber 
Filter- 1.8 2.7 .3 - .8 poor 
Scrubber 




.4 - • 9 fair Adsorber 1.9 3.0 
Thermal 
.5 - • 7 good Reactor . 04 - . 08 
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a nucleation type scrubber to remove particulates, including cooling 
tower, plus additional costs for a packed section. These costs do not 
include equipment for the ultimate recovery and disposal of pollutants. 
The costs were estimated according to the method of Popper [50], as-
suming a basic design as described above. 
2. Precipitator-Plus and Filter-Plus Methods 
These systems are strictly additive. The precipitator and filter 
provide removal of particulates and would precede the method for re-
moval of CO and C H . The possible combinations are precipitator or n m 
filter plus scrubber, adsorber or catalytic reactor. In all cases, 
the cost estimates are additive. 
3. Thermal Reactor 
This method stands alone as a method of treating particulates, 
carbon monoxide and hydrocarbon emissions simultaneously and with no 
secondary pollution or disposal problem. The cost of treating all 
three pollutants is the same as the cost of treating the most diffi-
cult pollutant. Discussion of this method in more detail is presented 
in the following section. 
4. Summary 
The analysis of this section has shown that all the methods of 
treating nitrogen oxides considered previously have serious techni-
cal difficulties and it is recommended that nitrogen oxides emissions 
be regarded as a problem with no immediate practical solution. There 
is considerable developmental work now under way on the nitrogen oxides 
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problem in industry and a solution may be in the offing . In the mean-
time, industry is circumventing this problem by altering the combus-
tion processes to reduce the production of NO . This control of the 
X 
combustion may well be the best approach for the jet engine NO prob-
x 
lem. 
Turning to particulate, carbon monoxide and hydrocarbon emissions, 
it appears that the thermal reactor offers the most promising solution 
to the problem. The design considerations of such a reactor system 
will be examined in more detail in the next section. 
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IV. THERMAL REACTOR DESIGN 
A. Introduction 
The thermal reactor was chosen as the best method for removal of 
pollutants from the F-15 test cell due to its low capital cost, its 
ability to remove several pollutants, and the existing technology. 
Also, the thermal reactor may be considered as the final treatment step 
since no other equipment is needed for ultimate pollutant disposal. 
The thermal reactor functions as a pollution control device by 
oxidizing objectionable matter to carbon dioxide and water at elevated 
temperatures. Therefore, the rate of these reactions is the control-
ling factor in design of the thermal reactor. The kinetics of conver-
sion of each pollutant will be discussed separately. 
l. Particulates 
Removal of particulates has been the primary concern in the de-
sign of pollution devices for test cells. The particulates emitted 
from the jet engine will be considered as carbon particles. An assump-
tion of pure carbon is reasonable since these particulates are reported 
by Heywood, et al. [6] to be 96 percent carbon. The removal of carbon 
particles occurs according to reaction (1). 
Soot combustion rates, based on exper imental data, have been re-
ported by Lee , et al [14] and Fenimore and Jones [15]. 
The surface reaction rate, q, is predicted by equation (2). The 
surface reaction rate is dependent upon the temperature and the amount 
of oxygen. From the above equation the residence time as a function 
of particle diameter, oxygen concentration, and temperature have been 
computed as shown in Table VII. 
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TABLE VII 
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2. Hydrocarbons and Carbon Monoxide 
Considerable study of the problem of removal of hydrocarbons 
and CO has been done in connection with the possible use of thermal 
reactors on automobiles. Reactions (6) and (7) are involved. Reaction 
(4) of CO with the OH radicals, has also been reported. This reaction 
is reportedly quite rapid, however, it is believed to be significant 
only in the region immediately surrounding a flame. 
Table VIII presents experimental data for the removal of CO and 
hydrocarbons according to the above reactions in a thermal reactor. 
The reaction of hydrocarbons is seen to be faster than that of CO. 
However, comparison of the data of Table VIII with that of Table VII 
shows that the reaction rates for oxidation of carbon particles is con-
siderably slower than that for CO or hydrocarbons at the same tempera-
ture. Therefore, it was concluded that a reactor designed for removal 
of 80 percent of the particlates would remove essentially all of the 
CO and hydrocarbons . Design of the thermal reactor was based upon the 
kinetics of carbon particle oxidation. 
3. Nitrogen Oxides 
Oxides of nitrogen would not be removed or produced in any s i g-
nificant amount in a thermal reactor. The reaction temperatures are 
cons iderably below that where nitrogen oxides are formed in appreciable 
quanti ties . However , the temperatures in the auxiliary burner to heat 
the engine exhaus t would be high enough to produce small amounts of 
NOx. The forma tion of NOx is estimated to be about 1 to 2 pounds/1000 
pounds of f uel burned i n t he auxil i ary burner. However, modifications 
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TABLE VIII 




Space Time .005 Seconds 
Fraction CO Removed 
.6 
.99 




in this burner, and water present in the intake air, should reduce the 
NOx formation. Therefore, production of NO in the thermal reactor is 
X 
not considered a serious problem. 
B. Thermal Reactor Configurations 
Two basic thermal reactor configurations are possible: a reactor 
ahead of the noise suppressor or a reactor following the noise sup-
pressor. The reactor directly behind the engine exhaust is shown 
schematically in Figure 3. The exhaust gas passes into a mixer sec-
tion drawing in secondary air required for combustion in the burner. 
After the gases are sufficiently mixed, the stream enters a diffuser 
which slows the stream to an acceptable velocity. The stream next 
enters a burner section where it is heated. After heating and mixing, 
the gas is held in the reactor shell for a period sufficient to assure 
complete combustion. This reactor configuration has the advantage of 
having to heat the minimum quantity of exhaust gases. 
Figure 4 shows an arrangement with the reactor following the 
noise suppressor. A horizontal suppressor and a vertical stack re-
actor is shown. This method would be more expensive to operate since 
the engine exhaust is first cooled to protect the suppressor acoustic 
material and then re-heated before entering the reactor. However, 
this system would not require a diffuser or special burner. 
1. Thermal Reactor Preceeding the Noise Suppressor 
The design of a reactor ahead of the noise suppressor was con-
strained to a height of 25 ft and a maximum diameter of 10 ft. Since 
the suppressor stack is 25 ft or less, it was felt that a diameter in 
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of the suppressor. There was no constraint on reactor length since 
this dimension merely lengthens the distance between the aircraft and 
the noise suppressor. 
An optimum condition between reactor length and diameter would 
exist to provide the lowest capital cost of the reactor. No efforts 
were made to optimize the reactor size since the capital cost became 
an insignificant factor. Also, it is felt that a large diameter is 
preferred to achieve plug flow conditions. Therefore, the reactor 
diameter was set at 10 ft and the length based upon the required time 
to carry out the reactions. 
The reaction proceeds faster at higher temperatures. Reference 
to Table VII shows that temperatures approaching 2600°F are desirable. 
High temperatures, however, restrict the materials of construction 
that can be used. A maximum reaction temperature of 2400°F was chosen 
on the basis of a refractory lining temperature limit of 2800°F, which 
provides a reasonable margin of safety. 
Particulate emissions were considered to be pure carbon. Further 
assumptions as to the geometry and size distribution of these particles 
werealso necessary. The particles were assumed to be perfect spheres. 
This assumption is conservative since a spherical shape provides the 
minimum surface area and therefore requires a longer reaction time. A 
particle density of 2g/cm3 was used with a mean diameter of 0.2~, also 
a conservative assumption. 
Based upon the above assumptions, the thermal reactor to remove 
80 percent of the carbon would have a length of 19 ft. with a diameter 
of 10ft. The mixing and diffusion sections would add about 10ft. to 
the overall length of the reactor. 
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a. Reactor Shell Design. In order to maintain the gases at 
2400oF and use a steel reactor shell, external cooling or refractory 
lining of the shell is necessary. Three possible reactor shell designs 
were considered; water cooled, air cooled, and refractory lined. The 
water cooled design would consist of a carbon steel shell, water spray 
nozzles, and a collector system. In normal operation of a test cell, 
water is used to cool the exhaust gases before entering the stack. 
This water could first be used to cool the reactor shell, then be in-
jected into the exhaust. 
In order to calculate the cooling water required, the heat trans-
fer coefficient between the gas and the reactor shell (neglecting radi-
ation) was required. Computation by the methods of Gebhart [53] and 
McCabe and Smith [54] produced a value of about 23 Btu/hr ft 2 °F. 
Using a heat transfer coefficient of 30 Btu/hr ft 2 °F and assuming an 
inside wall temperature of 200°F, 2,070,000 Btu/hr per ft length of a 
10 ft. diameter reactor would be transferred. This system would re-
quire 40 gpm of water to cool each foot of shell if the water were 
heated from 60°F to 160°F. Therefore, 800 gpm of water planned for 
cooling the exhaust gas would also be adequate for cooling the reactor 
shell for either 50 or 80 percent pollution removal. However, addi-
tional air or an additional 80 gpm of water would have to be augmented 
to make up for the higher water temperature. 
A second possible reactor design involves air cooling of the 
shell. A previous investigation by Demetri and Brassert [13] has 
studied this approach. In this design the reactor shell would be at 
a much higher temperature requiring a more expensive material, such 
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as stainless steel. A second thin surrounding shell is required and 
air is forced between the shells for cooling. 
The heat transfer coefficient between the exhaust gas and the 
shell was estimated as before to be 24 Btu/hr ft2 °F assuming the shell 
temperature to be 1000°F. Thus, the total rate of heat removal from 
the 19 ft shell would be 10 million Btu/hr. Using a heat transfer co-
efficient of 20 Btu/hr ft2 oF for transfer to the cooling air between 
the shells, the cooling air would have to be kept at 700°F or less to 
prevent overheating of the shell. The minimum amount of air necessary 
to cool the reactor shell would be 1,530,000 ft3/hr, which results in 
an air velocity of 30ft/sec with a 6-inch spacing between shells. 
This air could be induced to flow in the annulus between the shells 
and then used to support combustion in the reactor burner. 
The final shell design considered is a refractory l ined carbon 
steel shell. A refractory thickness of 6 inches is required so that 
a steel shell can be used and no auxiliary cooling is required. An 
anchored castable refractory material has been recommended for this 
application by refractory manufactures [51 ,52]. This lining will re-
portedly withstand the thermal shock, vibration, and high velocities 
in this service. A thicker steel shell is required for this design 
since it must support the weight of the refractory. 
b. Burner Design. For the reactor systems mounted directly be-
hind the engines, the burner can be considered to be simi l ar in des i gn 
to the afterburner on the engine . Because of the higher temperatures , 
NOx concentrations would increase slightly in the burner . Increases 
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in particulates should be very small since a large excess of o2 would 
be used. Particles formed in the afterburner are usually about 0.1 11 
and these particles would be completely removed in the reactor. 
The burner should be capable of operation at two power ranges. 
At the intermediate range, both sections of the burner would operate 
while at idle only one section would be activated. The heating re-
quirements at the intermediate engine setting is approximately 5.5 x 108 
Btu/hr or 28 , 000 lb fuel/hr. At idle 1.55 x 108 Btu/hr are required 
or 7,800 lb fuel/hr . 
These calculations are based on a constant exhaust gas heat 
capacity of 0.24 Btu/lb °F and kerosene fuel with a heating value of 
12,000 Btu/lb. 
Due to high temperatures at after burner, it is necessary to re-
tract the reactor burner during operation at this power setting. This 
additional cost can be avoided by mounting the burner external to the 
reactor. However, this scheme increases the operating cost since a 
larger amount of air must be added to the system to support combustion 
and the oxygen in the jet exhaust could not be used. An additional 
30 lb/sec o2 are required or 143 lb air/sec at the intermediate power 
setting. The additional heat required to raise the temperature of 
extra air is 54,000 Btu/sec or 1.93 x 108 Btu/hr. This additional 
heat requires 11,580 lb/hr or 1,930 gal/hr of additional fuel at the 
intermediate setting, bringing the total burner consumption to about 
40,000 lb fuel/hr. Also, higher burner temperatures are encountered 
and additional NOx would be produced. Because of the added fuel 
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requirements the operating temperature of the reactor should be as low 
as possible. A temperature of 2300°F was used in estimating the opera-
ting costs. 
c. Mixer/Diffuser Design. As the exhaust leaves the engine, 
the sudden expansion and high velocities can be used to induce second-
ary air. If the burner is mounted externally, the hot gases can be 
drawn in. With any thermal reactor design, this air flow will have 
to be accurately controlled. Once the air has entered the system, 
rapid mixing occurs. The gas stream must be slowed and the velocity 
profile flattened. A gradual expansion (diffuser) has been suggested 
for this purpose by Demetri and Brassert [13]. No velocity profile 
data were available and no detailed design of the diffuser zone was 
attempted. 
d. Impact on Noise Suppressor Design. The volume of gases the 
noise suppressor must handle would be unchanged for thermal reactors 
ahead of the suppressor, except in the case of the external burner. 
Since the suppressor must be designed for afterburner operation, the 
system must be capable of cooling the exhaust from 3100°F to 600°F. 
With an external burner, the volume to be treated is 20 percent greater 
than during afterburner operation and thus the suppressor must be 
slightly larger. Other changes to the suppressor involve accommoda-
tion of the larger diameter and slower velocities at the secondary air 
inlet. 
2. Thermal Reactor Following Noise Suppressor 
Any of the previous designs could probably be adapted for a re-
actor after the noise suppressor. However, a simple brick stack would 
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suffice in this arrangement and result in some capital cost savings. 
Cooling of gases leaving the reactor would not be required. The pri-
mary advantage in this design is the simplicity of the burner and dif-
fuser design. The primary disadvantage is that a larger volume of gas 
must be heated, resulting in increased fuel costs. 
The efficiency for this design could be greatly improved if the 
noise suppressor were made of a material which could withstand much 
higher temperatures, such as stainless steel. This may be attractive 
since stainless steel can easily withstand temperatures of 1000°F. 
This higher temperature also reduces the air and water augmented for 
cooling, resulting in a saving. Furthermore, water and air would have 
to be added only during afterburning when 270 lb/sec air and 600 gpm 
water would be required. Thus, the noise suppressor size could be re-
duced. A temperature of 1000°F was used in estimating the costs of 
this design. 
There may be even another advantage to this design. The gas 
passes through the noise suppressor, through a burner and mixing zone, 
and then into a stack. The increased length the gas is required to 
travel may be accompanied by a reduction in noise. This noise reduc-
tion means a less expensive noise suppressor and might also offset the 
cost of more expensive materials of construction. 
The dimensions of the stack reactor were set at 25 ft high and 
20 ft in diameter. These dimensions increase the residence time over 
that used for reactors designed at 2400°F, therefore, the temperature 
in the stack reactor can be reduced to 2100°F. This lower temperature 
results in an increased fuel savings and lower operating cost. 
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3. Design Reliability 
Thermal reactors have been in use for some time and the technol-
ogy is considered quite dependable. The reaction rates used in the 
various designs are considered to be conservative, in fact, reaction 
rates might be at least 1.5 times greater than those used since perfect 
spheres were assumed for the carbon particles. Consequently, the f i nal 
reactor size might be somewhat less than those indicated. 
The primary questions concerning the reliability of the thermal 
reactor center around the equipment design and specification rather 
than the technology of the process. For the reactor ahead of the sup-
pressor, there are uncertainties concerning the life of a refractory 
lining, the materials of construction of the burner and diffuser sec-
tions, and the design of the diffuser section to insure near plug flow. 
These problems can be avoided if the reactor follows the suppressor. 
However, to make this reactor most efficient, the materials of con-
struction of the noise suppressor must be reconsidered. 
Table IX presents a summary of the capital and operating costs 
for the various thermal reactor designs considered. The capital cost 
ranges from $38,000 to $68,000, with the cheapest system being the 
stack type reactor following the noise suppressor . The cost of this 
system assumes that the smaller noise suppressor required for lOOOoF 
exhaust could be obtained at no additional cost. 
The operating cost for the various systems ranges from $433,000/yr 
to $820,000/yr. This cost is primarily the cost of fuel (estimated at 
$0. 12/gal) required to raise the exhaust gases to combustion tempera-
tures. The fuel cost to operate the burners in · the test stand is 
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TABLE IX 
COSTS OF VARIOUS THERMAL REACTOR DESIGNS 
Reactor Type 
Water Cooled 
Burner in line 
Burner external 
Air Cooled 
Burner in line 
Burner external 
Refractory Lined 






















estimated at about $500,000/yr. Therefore, the operating costs for 
the thermal reactor are considered excessive. There are no alterna-
tives envisioned which would lower these costs appreciably below those 
estimated. 
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V. CONCLUSWNS AND RECOMMENDATIONS 
The conclusions and reconnnendations reached as a result of this 
study can oe sunnnari.zed as follows: 
1. A survey of the methods availaole for removal of nitric oxide, 
the predominant species of nitrogen oxides in jet engine exhaust, resul-
ted in the conclusion that no reliaole treatment method is presently 
available. The cost of any catalytic method is prohibitive. Catalytic 
reduction, the method most likely to oe used on automobile exhaust is 
not appropriate for jet engine exhaust unless oxygen levels are first 
reduced. This reduction may result in increased particulates, carbon 
monoxide and unburned hydrocarBons due to incomplete combustion. There-
fore, the recommendation of this study is that no action can be taken 
at this time to reduce the NOx content of the exhaust from the F-15 
test stand. 
2. All of the commercially available equipment examined has been 
found ill-suited for the treatment of jet engine test stand exhaust in 
at least one way. The precipitator and bag filter are subject to par-
ticulate blinding. The venturi scrubber cannot efficiently treat a 
highly variable exhaust stream. Absorption is not feasible because of 
the lack of a suitable absorbent. The low concentrations of pollutants 
and excessive pressure losses make adsorption unattractive. All cat-
alyst methods must be preceeded by a device to remove particulates re-
sulting in an unw·ieldy combination of treatment methods. For the major-
ity of the methods investigated, capital costs are excessive. 
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3, It ~as been found that the thermal reactor is the only method 
of treating particulates, carbon monoxide, and hydrocarbons simultane-
ously. The thermal reactor has the lowest capital cost of any method 
studied, creates no secondary pollution and affords the best chance of 
success . Consequently, if it is judged necessary to remove particu-
lates, carBon monoxide and hydrocarbons from the F-15 test stand, it 
is recommended that the thermal reactor be given primary consideration . 
4 . The major disadvantage of the thermal reactor is the consump-
tion of 3.5 million gallons of jet fuel annually in maintaining the 
exhaust gases at elevated temperatures. This fuel consumption is an 
excessive amount of energy to expend in the solution of a minor and 
intermittent pollution problem, especially when there are many other 
jet engines operating uncontrolled around the airbase. Therefore, the 
recommendation of this study is that solution to the pollution problem 
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